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CHARACTERIZATION OF THE RESISTANCE OF ALLOY 22
TO STRESS CORROSION CRACKING

Kenneth J. King, John C. Estill and Ratil B. Rebak
Lawrence Livermore National Laboratory, Livermore, CA, 94550

ABSTRACT

In its current design, the high-level nuclear waste containers include an external layer of
Alloy 22 (Ni-22Cr-13Mo-3W-3Fe). Since over their lifetime, the containers may be exposed to
multi-ionic aqueous environments, a potential degradation mode of the outer layer could be envi-
ronmentally assisted cracking (EAC). The objective of the current research was to characterize
the effect of applied potential and temperature on the susceptibility of Alloy 22 to EAC in simu-
lated concentrated water (SCW) using the slow strain rate test (SSRT). Results show that Alloy
22 may suffer EAC at applied potentials approximately 400 mV more anodic than the corrosion -
potential (E,.)-

Keywords: nuclear waste container, N06022, environmentally assisted cracking (EAC), slow
strain rate test, applied potential, simulated concentrated water (SCW).

INTRODUCTION

The current design concept for the high-level nuclear waste containers in the USA is based on a
metallic multi-barrier system. This design specifies a 2-cm thick external layer of Alloy 22 (UNS
N06022) and a 5-cm thick internal layer of type 316 stainless steel (UNS S31603).! Alloy 22 isa
nickel (Ni) based alloy that contains approximately 22% chromium (Cr), 13% molybdenum
(Mo), 3% tungsten (W) and 3% iron (Fe). The main purpose of the internal barrier is to provide
structural integrity and to contribute to the shielding of radiation. The main role of the external
barrier is to provide protection against corrosion. Alloy 22 was selected for the external barrier
due to its excellent resistance to general corrosion, localized corrosion and environmentally as-
sisted cracking in a broad range of environments."® If water is present during the emplacement
time of the containers, three types of corrosion may occur. These are: (1) Uniform or passive cor-
rosion, (2) Localized corrosion such as crevice corrosion and (3) Environmentally assisted crack-
ing (EAC) such as stress corrosion cracking (SCC). This paper deals only with the behavior of
Alloy 22 regarding EAC or SCC.

Mill annealed Alloy 22 is highly resistant to SCC in acidic concentrated chloride solutions.
Dunn et al. did not find SCC when they tested Alloy 22 in 14 molal CI" (as MgCl,) at 110°C and
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9.1 molal LiCl at 95°C under controlled potential. ”® They used wedge opening loaded double
cantilever beam (DCB) and compact tension (CT) specimens at stress intensities in the range 32
to 47 MPa.m'? for times as long a 52 weeks. ”® Rebak reported that Alloy 22 U-bend specimens
did not suffer SCC when exposed to 45% MgCl, at 154°C for up to 6 weeks. '° Estill et al. per-
formed SSRT at a 1.6 x 10 s strain rate at the corrosion potential (E_,.) in 4 M NaCl at 98°C,
saturated CaCl, (>10 M CI’) at 120°C and 1% PbCl, at 95°C."' None of these specimens showed
a loss of ductility or secondary cracking.'

Even though Alloy 22 is resistant to SCC in concentrated chloride solutions, it may be suscepti-
ble under other severe environmental conditions.”"’ Andresen et al. tested the susceptibility of
Alloy 22 to EAC at the corrosion potential (E.,,) in basic saturated water (BSW) at 110°C." This
BSW multi-ionic solution is a version of concentrated solutions that might be obtained after
evaporative tests of Yucca Mountain ground waters.'® Using the reversing DC potential drop
technique, Andresen et al. reported a crack grow rate of 5 x 10™° m/s in a 20% cold-worked
specimen loaded to a stress intensity of 30 MPa.m"?. This EAC testing was carried out in air
saturated BSW water of pH ~ 13. The testing conditions used by Andresen et al. were highly ag-
gressive and, in spite of that, the measured crack growth rate was near the detection limit of the
system.'” Rebak et al. reported that Alloy 22 U-bend specimens suffered transgranular SCC
when they were exposed for 336 h to aqueous solutions of 20% HF at 93°C and to its corre-
sponding vapor phase.” The liquid phase was more aggressive than the vapor phase." Pulvirenti
et al. reported transgranular cracking in one out of four Alloy 22 U-bend specimen exposed for
15 days-at 250°C in concentrated ground water contaminated with 0.5 % lead (Pb) and acidified
to pH 0.5. '*'? Estill et al. performed slow strain rate tests, cyclic loading tests and U-bend tests
in large variety of environments (temperature, applied potential and solution composition)."
They only reported SCC on MA Alloy 22 through SSRT in saturated concentrated water (SCW)
at 73°C and at a potential of +0.4V [SSC]."

The purpose of the present work was use SSRT to explore the influence of applied potential and
temperature on the susceptibility of Alloy 22 to suffer SCC in SCW.

EXPERIMENTAL TECHNIQUE

The SSRT specimens were machined from wrought mill annealed plate stock (Heat 2277-8-
3126). The chemical composition of the alloy in weight percent was: ~57% Ni, 21.7% Cr,
13.26% Mo, 2.8% W, 3.59% Fe, 1.03% Co, 0.27% Mn, 0.14% V, 0.004% C and 0.001% S. The
typical mechanical properties of MA plate material are listed in Table 1. The specimens were
tested in the as-machined condition, which corresponded to a root mean square (RMS) roughness
of 32 u-inch. The specimens were degreased in acetone before testing. Each specimen was cylin-
drical, approximately 7.25-inch (184 mm) long and 0.438-inch (11 mm) diameter. The useful
gage of the specimens was 1-inch (25.4 mm) long and had a 0.1-inch (2.54 mm) diameter. Only
the useful gage section was exposed to the electrolyte solution. Other areas of the specimens
were covered with a protective coating. The slow strain rate tests were conducted at a constant
deformation rate of 1.6 x 10s™.
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Tests were carried in simulated concentrated water (SCW), which is a complex electrolyte simu-
lating an environment that would be obtained after reducing the volume of ground water from the
Yucca Mountain site approximately 1000 times through evaporation. The used composition of
SCW in mg/L was: 3,400 potassium (K), 40,900 sodium (Na), 1,400 fluorine (F), 6,700 chlorine
(C1). 6,400 nitrate (NO;"), 16,700 sulfate (SO,*), 70,000 bicarbonate (HCO;) and approximately
40 silicon (Si). The pH of this solution is generally between 9 to 10. The electrolyte solution was
naturally aerated; that is, a stream of air was circulated above the level of the electrolyte solution.
All tests were carried out under ambient pressure under applied potential. The electrochemical
potentials in this paper are reported in the saturated silver-silver chloride scale [SSC]. At ambient
temperature, the SSC scale is 197 mV more positive than the normal hydrogen electrode (NHE).
After testing, the samples were evaluated using optical and scanning electron microscopy (SEM).

EXPERIMENTAL RESULTS AND DISCUSSION

Table 2 shows the experimental results. Two specimens were strained to rupture in air as refer-
ence tests for inert environments. Table 2 shows the testing conditions such as testing tempera-
ture, applied potential and E_, of the specimens in the solution before the tests. The average E_,
of all the specimens (Table 2) before starting the applied potential was approximately —0.15 V
[SSC]. Table 2 also shows the results from the tests such as the maximum stress reached during
straining, the time to failure and the reduction in area of the specimens at the time of failure. The
susceptibility to stress corrosion cracking in the aqueous environment can be assessed by com-
paring these three parameters with the same parameters in air. :

Figure 1 shows the time to failure of the strained specimens as a function of the applied potential.
Two data for specimens strained in air at room temperature are also included. Figure 1 shows
that the higher the applied potential the lower the time to failure. The lowest time to failure was
obtained for the specimens strained at +0.4 V [SSC]. Figure 2 is an SEM image of the fracture
end of a specimen strained in air. This shows typical ductile failure with necking before cracking.
Figure 3 shows a SEM low magnification image of a specimen strained in SCW at +0.1 V [SSC]
and Figure 4 is a larger magnification of the lateral surface of the same specimen. Alloy 22 was
not susceptible to cracking at +0.1 V [SSC] since the specimen showed considerably necking be-
fore failure (Figure 2 and 3) and the lateral surface was free of secondary cracking (Figure 4).
Figures 5-6 show the characteristics of a specimen strained in SCW at +0.2 V [SSC]. Figure 5
shows considerable necking before failure; however, Figure 6 shows incipient secondary crack-
ing in the lateral surface. Specimen 029 (Table 2), which was also strained at +0.2 V [SSC] but at
higher temperature, seemed to show deeper secondary fissures than the specimen strained at
73°C (Figures 5 and 6). Figure 7 is a low magnification SEM image of a specimen strained in
SCW at +0.4 V [SSC] showing that the failure of this specimen occurred with little reduction in
area (necking). Figure 7 also shows that there is abundant secondary cracking in the lateral sur-
face. Figure 8 is an SEM image of the fracture surface showing that the environmentally induced
cracking was transgranular in nature. Figure 9 is a metallographic cross section of the same
specimen showing that the EAC cracks are shallow and open, probably because the strain rate
was high; not allowing enough time crack propagation.
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Figure 10 shows the stress-elongation curves for Alloy 22 specimens strained at 0.4 V in three
different electrolyte solutions. (A similar graph was published before'"). Figure 10 shows that Al-
loy 22 was susceptible to EAC in SCW solution at 73°C but was not susceptible to EAC in basic
saturated water (BSW) pH 12 at 105°C or simulated saturated water (SSW) pH 6.7 at 100°C. Ta-
ble 2 shows that when Alloy 22 was strained in SCW at +0.4 V [SSC] at ambient temperature
(25°C), the parameters time to failure, ultimate tensile strength and reduction in area were similar
to the same parameters for the specimens strained in air. Observations from Table 2 and Figures
1-10 show that the susceptibility of Alloy 22 to EAC is highly sensitive to environmental condi-
tions such as temperature, electrolyte composition and applied potential.

Figure 11 shows the polarization curve for MA Alloy 22 in SCW at 90°C. There is an anodic
peak in the potential range between +0.2 to +0.4 V [SSC]. The range of potential for cracking
susceptibility of Alloy 22 seems to be associated to the presence of this anodic peak. For exam-
ple, Table 2 shows that in SCW at ambient temperature and at +0.4 V [SSC], Alloy 22 failed ina
ductile manner. The polarization curve of Alloy 22 in SCW at 25°C did not show the presence of
the active peak. Currently, the windows of temperature and electrochemical potential for suscep-
tibility of Alloy 22 to EAC are being explored further.

The results from this paper suggest that Alloy 22 might be susceptible to EAC in multi-ionic so-
lutions that could be representative of concentrated Yucca Mountain underground water. How-
ever, current results also show that for MA Alloy 22 to fail by EAC in SCW solution, several
conditions are required to be applied simultaneously: (1) A temperature higher than approxi-
mately 70°C, (2) A stress level in the order of 600 MPa (two times the level of the yield stress)
and (3) Anodic potentials in the order of +0.3 V [SSC]. Therefore, it is unlikely that the actual
container would be susceptible to EAC even though it may enter in contact with a SCW type of
solution at high temperature. Firstly, because in the design of the waste package it is predicted
that the container will be fully annealed to eliminate any residual stress due to welding. Second,
because data (Figure 12) shows that the E . of Alloy 22 after more than 5 years immersion in
aerated SCW at 90°C remained below 0 V [SSC], that is, at least 0.3 V below the range of poten-
tial susceptibility. Table 2 also shows that E_ . for Alloy 22 in aerated SCW was also below 0 V
[SSC].

CONCLUSIONS

¢)) The susceptibility of MA Alloy 22 to EAC in SCW depended strongly on environmental
conditions including the applied potential and testing temperature.

(2) Alloy 22 was susceptible to EAC in SCW at +0.3 and +0.4 V [SSC] at temperatures 73-
95°C. However, EAC did not occur at +0.4 V and 25°C.

(3) Alloy was not susceptible to EAC in SCW at 73°C and +0.1 V [SSC] applied potential
and would probably be also resistant to cracking at E_ . (in the order of -0.15 V [SSC]).
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4 It is unlikely that Alloy 22 would suffer EAC under environmental conditions that could
be encountered in Yucca Mountain since the stresses of the container will be relieved and
because E___ of the alloy is expected to be below the potential range for susceptibility.
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TABLE 1
TYPICAL MECHANICAL PROPERTIES OF PLATE AND SHEET ALLOY 22

Heat Tensile Yield Stress Elongationto  Hardness = ASTM
Strength [UTS] [0.2%] (MPa) Rupture (%) (RB) Grain
(MPa) Size
Sheet — 2277- 824 412 62 92 5.5
8-3203
Plate —2277-8- 766 387 64.4 83 4
3126




TABLE 2
SLOW STRAIN RATE (~ 1.6 X 10° $) TESTING OF MA ALLOY 22 IN SCW

Sample Temp. E.. E.ie Time to UTS RA Observations
(°C) (8SC) (SSC) Failure(h)  (ksi) (%) Stereomicroscope
X 40 and X100
012 (Air) 22 NA NA 124 114 74  Ductile, Necking
040 (Air) 22 NA NA 123 118 70 Ductile, Necking
026 73 241  +100 120 111 79  Ductile Failure, neck-
ing. No SCC
023 73 -224  +200 NA NA 72 Necking. Incipient or
Shallow SCC
025 73 -172 +200 116 NA 80  Necking. Incipient or
. ' Shallow SCC
029 88.5 -144  +200 112 NA 73 Necking. Incipient or
Shallow SCC
030 73 -182  +300 - 98 NA 65 SCC
021 73 -171  +400 90 96 64 SCC
112 95 -94 +400 91 101 71 SCC
033 86 -169  +400 76 NA 44 SCC
020 25 -109  +400 116 114 85 Ductile Failure, neck-
ing. No SCC

RA: Reduction in area at time of rupture, NA = Not Applicable or Not Available

1 30 N I [] ‘ T I T I
Air
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90 —f---roee e I

Time To Failure (h)
g
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. SSRT, 1.6 106 !
80 MA Alloy 22 o
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: 73°C-95°C
70 I T ] ] I 1 I
100 200 300 400

Applied Potential (mV, SSC)

FIGURE 1: Effect of Potential on the time to failure of Alloy 22 in SCW.
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ARC22-12 6.8 kV x38.08

. B0 mm

FIGURE 2: Fracture end of specimen strained in air at ambient temperature.
Magnification X 30.

FIGURE 3: Fracture end of specimen strained in SCW at 73°C and +0.1 V.
Magnification X 30.
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FIGURE 4: Fracture end of specimen strained in SCW at 73°C and +0.1 V.
Magnification X 500.

1.88mm

FIGURE 5: Fracture end of specimen strained in SCW at 73°C and +0.2 V.
Magnification X 30.
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FIGURE 6: Fracture end of specimen strained in SCW at 73°C and +0.2 V.
Magnification X 500.
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ARC22-112 Y
TD1220/00 ©+-9 kV x38.8 1.08mm

FIGURE 7: Fracture end of specimen strained in SCW at 73°C and +0.4 V.
Magnification X 30.
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FIGURE 8: Fracture surface of specimen strained in SCW at 73°C and +0.4 V.
Magnification X 300.

FIGURE 9: Metallographic sectioning of Alloy 22 (112) strained in SCW at 73°C and +0.4 V.
Magnification X 200.
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FIGURE 10: Stress-Elongation curves for Alloy 22 specimens strained at +0.4 V.
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FIGURE 11: Polarization Curve for MA Alloy 22 in SCW at 90°C.
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FIGURE 12: Corrosion Potential of Alloy 22 and Platinum in 4-year old SCW solution (from the
Long Term Corrosion Test Facility).




